The short-baseline neutrino oscillation experiments, the excess of radiation from the measurement of the cosmic microwave background radiation, the necessity of the nonbaryonic dark matter candidate and the depletion of the neutrino flux in IceCube all seem to hint at new physics beyond the standard model. An economical way to address these issues is to invoke the existence of sterile neutrinos. We present simple extensions of the standard model with additional three sterile neutrinos and discuss the corresponding PMNS like neutrino flavor mixing matrix. The noteworthy features of the sterile neutrino scenario advocated here is that the lightest one is almost degenerate with one of the active neutrinos, the second sterile has mass of order eV and the heaviest one is in the keV range. In the present scenario, the short baseline anomaly is explained through ∆m 2 ∼ 1 eV 2 , the depletion of muon neutrino flux in IceCube is explained through ∆m 2 ∼ 4.0 × 10 −16 eV 2 and the dark matter problem is addressed through ∆m 2 ∼ 1 keV 2 . Our proposed mixing matrix is also compatible with the observed neutrino oscillation data. We show that the high energy muon and the tau neutrino fluxes from Gamma Ray Bursts can be depleted in IceCube by as much as 38% and 43% respectively. These substantial depletion in both muon and tau neutrino fluxes is due to their small but sizable mixing with the sterile neutrinos.
I. INTRODUCTION
In the standard picture of neutrino oscillations, the three active neutrino states are linear superpositions of three mass eigenstates. The oscillation experiments with solar, atmospheric, reactor and accelerator neutrinos can be explained through the mass squared differences [1, 2] 
with ∆m
The three mixing angles in this scheme have also been measured. The solar [3] and KamLand [4] data give sin 2 θ 12 ≃ 0.3, the atmospheric [5] and MINOS [6] data give sin 2 θ 23 ≃ 0.5. Also recently the Double-CHOOZ [7] , RENO [8] and Daya-Bay [9] experiments measure the third mixing angle sin 2 θ 13 ≃ 0.1. However, the completeness of the three-neutrino mixing paradigm is in question due to several anomalies observed in the appearance and disappearance of neutrinos in data pertaining to short baseline (SBL) experiments; Liquid Scintillator neutrino Detector (LSND) [10] , Mini-Booster Neutrino Experiment (MiniBooNE) [11] and the reactor anomaly [12] (henceforth all combined and referred to as SBL anomaly). The SBL anomaly can not be accommodated with just three active neutrinos, thus suggesting the possible existence of one or more eV-scale sterile neutrinos to explain these results [13] .
Although the existence of dark matter (DM) in the Universe is confirmed beyond doubt, its nature is still an outstanding puzzle both in particle physics and cosmology. To be consistent with the observations, the DM candidate should be a very weakly interacting, electrically neutral particle. Sterile neutrinos with a mass O(1) keV and lifetimes much longer than the age of the Universe are very good candidates for warm dark matter (WDM) [14, 15] . These sterile neutrinos could be produced in the early Universe and their mass is generated by a Majorana mass term which is not bound to the electroweak scale. Apart from explaining the DM problem sterile neutrinos may also explain the large pulsar kick velocity [16] , and may also suppress the formation of dwarf-galaxies and other small-scale structures.
Gamma-ray bursts (GRBs) and active galactic nuclei (AGN) are believed to be the prime candidates for the production of ultra-high energy cosmic rays (UHECRs) and ultra-high energy neutrinos are their by-products [17] [18] [19] [20] . IceCube, the km 3 -scale neutrino telescope constructed in the South Pole is meant to detect these cosmological neutrinos [21] . The IceCube collaboration recently published their analysis of data taken during the construction phase using the 40-and 59-string configurations of the detector. The combined analysis of the data does not show any neutrino signal correlated with the observed GRBs during the data taking period [22, 23] . From this analysis, IceCube has set an upper bound on the neutrino flux from
GRBs which is at least a factor of 3.7 below the Waxman-Bahcall (WB) predication [24] .
This depletion in the neutrino flux gave rise to many possible explanations [25] [26] [27] .
From the astrophysics point of view, it has been pointed out recently that for the normalization of neutrino flux, IceCube ignored the effects of energy dependence of charged pion production and secondary pion/muon cooling in the GRB fireball which caused an overestimation of neutrino flux by a factor of 5 for typical GRB parameters [28] . Furthermore, by taking into account many other effects (pion and kaon production models, magnetic field effect and neutrino flavor mixing) and doing a full numerical calculation it is showed that neutrino flux reduces by about one order of magnitude [29] . With the revised neutrino flux calculation, reduction in flux is also obtained by analyzing neutrino flux from 215 GRBs during the period of 40-and 59-string configuration of the IceCube [30] . There are also alternative astrophysical models [31] [32] [33] which predict a lower neutrino flux compared to the WB models. So the claim by IceCube may not be that serious, but the WB models can be challenged in future as the observations put stringent limits on the muon neutrino flux.
To address this issue from the particle physics point of view, the existence of pseudoDirac neutrinos [34] [35] [36] [37] [38] is postulated. In this scenario the neutrino of each generation is composed of an almost maximally mixed active-sterile neutrino combination, separated by a tiny mass difference so that the active-sterile oscillations are possible without affecting the short baseline oscillation results [39, 40] . In a recent paper it has been postulated that apart from the above explanation, neutrino decay can also be a viable explanation for the suppression of muon neutrino flux [41] . Yet another very recent paper discusses about the suppression of muon neutrino flux in IceCube by assuming that all the neutrinos are pesudoDirac in nature and there is a mirror world replicating the interaction in the observed world and also connected to the later gravitationally. In this scenario each active neutrino is associated with three sterile neutrinos with a very tiny splitting and oscillation from active to sterile can be responsible for the suppression of muon neutrino flux [42] . So, if at all sterile neutrinos exist, and one/some of them are closely degenerate in mass with the active neutrinos, and also mix, they may easily evade detection in oscillation experiments.
However, due to the very long baseline involved in the oscillation process sterile neutrino, in principle, can have measurable effects on the high energy neutrino flux. Also the possibility of sterile neutrino was looked for in the atmospheric neutrino data collected by AMANDA and partially deployed IceCube [43] .
These postulated sterile neutrinos neither participate in the weak interaction nor contribute to the invisible width of the Z boson [13] . Also there is no known fundamental symmetry in nature forcing the existence a fixed number of sterile neutrino species. Cosmological probes such as bounds on the relativistic energy density of the universe in terms of the effective number of light neutrinos [44] have been extensively used to set bounds on the number of light neutrinos in general and the number of sterile neutrinos in particular.
In this work, we extend the Standard Model to include three additional sterile neutrinos (3+3). All neutrinos in the model, active and sterile, have nonzero masses and mix. The flavor mixing among the neutral leptons gives rise to a 6 × 6 matrix, analogous to the PMNS scheme for the active neutrinos. We will show that the generalized 6×6 matrix is compatible with the observed active neutrino oscillation data. Although our main focus is to explain the depletion of muon neutrino flux in IceCube, our model also encompasses solutions to the SBL anomaly and the dark matter problem.
II. THE (3+3) MODEL
We assume that apart from three active neutrinos there are three additional sterile neu- respectively.
In the standard treatment of neutrino oscillation in vacuum, the flavor and the mass eigenstates are defined as ν α and ν i respectively. The flavor states are superpositions of mass eigenstates with non-zero mass square difference and are given as
The mixing matrix U is the extended Pontecorvo-Maki-Nakagawa-Saki (PMNS) matrix. and | ν c are right handed will be referred to as model B.
We present a standard model extension in which the seesaw mechanism is invoked to generate the required spectrum of light sterile neutrinos. The standard model with three generations of quarks and leptons is extended in the leptonic sector to include three right handed neutrinos and three vectorlike neutral leptons [45] [46] [47] [48] . In total, our model has twelve neutral leptons, three left handed active neutrinos
parts, the three right handed inert neutrinos
interaction Lagrangian relevant for neutrino masses and mixings is symbolically given by
which gives rise to the following 12 × 12 neutrino mass matrix in the basis 
The lightness of the states is achieved by invoking the seesaw mechanism in two stages. The first stage is between the three active neutrinos and their counter parts, the three right handed inert neutrinos
These two stages are achieved by constraining the elements of the sub mass matrices in M ν to satisfy the seesaw conditions,
The light neutrino masses for the three active states are given by
The active states mix through the matrix elements of ǫ = ∆M −1 . These mixings are responsible for the observed solar, atmospheric and reactor neutrino oscillations. Similarly, the masses of the light steriles are given by
and the states mix via the matrix elements of δ = ∆ LR M −1
RR . Further mixing between the three active states and the three sterile states are achieved through the off diagonal matrices ∆ ′′ . These mixings are responsible for addressing the reactor anomaly, the flux depletion at IceCube and dark matter.
Model B:
In this model the light mass eigenstates are the active states
| ν τ L ) and their counter parts, the three right handed inert neutrinos
In this model also the lightness of the states is achieved by invoking the seesaw mechanism in two stages. The first stage is between the three active neutrinos and
The active states mix through the matrix elements of ǫ
RR . These mixing matrix elements are responsible for the observed solar, atmospheric and reactor neutrino oscillations.
Similarly, the masses of the light ν R 's are given by
and the states mix via the matrix elements of δ = ∆ ′′ M −1
LL . Further mixing between the three active states and the three sterile states are achieved through the off diagonal matrices ∆ ′′ . These mixings are responsible for addressing the reactor anomaly, the flux depletion at
IceCube and dark matter. This model also offers the possibility of constructing a pseudoDirac particle [34] [35] [36] [37] by combining two almost degenerate mass eigenstates, one from the active neutrinos and another from their right handed counterparts.
III. HIGH ENERGY NEUTRINO OSCILLATION
In the (3+3) model, the vacuum oscillation probability for the process ν α → ν β is given as
where (i, j = 1 to 6) and 15 different ∆m
j for non-zero and non-degenerate cases. For given ∆m 2 , the oscillation probability depends on the neutrino energy E ν and the propagation distance (baseline) L. Because CP violation in the neutrino sector is not observed yet, we take all the phases to be zero and this makes the U matrix real and simplifies the oscillation probability to the following form
where L osc = 4πE ν /∆m 2 ij is the oscillation length. The maximum flavor conversion in the vacuum can take place when L = L osc /2. If L ≫ L osc , oscillation are very rapid and the oscillating term averages out to 1/2. In this case the oscillation probability neither depends on neutrino energy E ν nor on the distance L from the source. On the other hand if L ≪ L osc , the baseline is too short for neutrinos to oscillate.
In order to explain the solar and atmospheric neutrino oscillation data we take ∆m on Earth. This gives many possibilities for ∆m 2 to be considered and we take into account many of them in our analysis as shown in Table-I. A sterile neutrino with a mass of several (1-10) keV is a viable candidate for dark matter [50] , can explain the pulsar kicks [51] and can also play a role in other astrophysical phenomena. Finally to be able to explain the DM problem, we assume that the sixth neutrino mass eigenstate has mass m 6 ≃ 1 keV and is almost decoupled from the rest of the neutrinos, both active and sterile.
IV. THE MIXING MATRIX
The matrix U in Eq.(2) is a unitary 6 × 6 matrix and in general can be parameterized by 15 real angles and 10 Dirac phases entering directly in the mixing matrix. The remaining 5 phases enter as a diagonal matrix and sits outside the matrix. The only mixing angles which are measured experimentally are θ 12 , θ 23 and θ 13 . In discussing physics beyond the Standard Model scenario one has to incorporate these measured parameters in the analysis pertaining to oscillations involving sterile neutrinos. Models involving one (3+1), two (3+2) and three (3+3)[41, 49, 52-58], sterile neutrinos have been proposed to explain the discussed discrepancies where many simple parametrization of the matrix U have been used [54, 59] .
In order to address the aforementioned problems and at the same time accommodate existing data on the observed oscillations between the active neutrinos we propose the following 6 × 6 form for extended PMNS matrix U, 
Notice that the first 3 × 3 block diagonal entries are responsible for explaining the solar, atmospheric and the reactor neutrino data and all the mixing matrix elements in this block diagonal are compatible with the constraints given by experiments. The active (ν e , ν µ and ν τ ) content of the three additional mass eigenstates has to be small, which is shown in the first 3 × 3 off diagonal block in Eq. (13) . Unitarity of U implies the following constraints on the remaining matris elements,
for each i = 4 − 6. Similarly for each α = e, µ, τ
Our extended matrix gives 0.04 ≤ X i ≤ 0.13 for i = 4 − 6 and 0.04 ≤ X α ≤ 0.13 for α = e, µ, τ .
To further tighten the constraint on the active sterile mixing we can use the effective neutrino mass in β decay experiments, which is given by
This contribution gives the distortion of the electron energy spectrum due to nonzero neutrino mass and mixing and the current bound on this parameter is m e ≤ 2.2 eV [60] . Similarly in the neutrinoless double beta decay experiments the effective neutrino mass parameter is given by
The current bound on this parameter is m ee < 0.26 eV [61, 62] . In our analysis, we have three different mass scales, one scale is in the sub-eV range and can even be smaller, making m 1 degenerate with m 2 , another scale is of order eV, corresponding to either m 4 or m 5 and the third one is the keV scale corresponding to m 6 . The effective neutrino mass parameter in both the experiments has to get contribution mainly from keV and eV mass eigenstates and to obtain these constraint, we must have |U e6 | 10 −3 . Our extended U matrix satisfies this characteristic i.e. m e ≤ 1.05 eV and m ee ≤ 10 −3 eV. Also, to preserve the well known mixing between the active neutrinos, the mixing between the active and the sterile neutrinos are required to be small. Thus the flavor mixing matrix elements of the active neutrinos in U (first diagonal block of Eq. (13)) constraint the remaining mixing elements between the active and the sterile neutrinos to be small but sizable, translating into the corresponding mixing angles to be a few degrees at most (θ ij ≤ 15 o for i, j from 4 to 6).
V. HIGH ENERGY ASTROPHYSICAL NEUTRINOS
It is believed that, GRBs which are about 100 Mpc away from us are the sources of UHECRs with energies above 10 18 eV [17] [18] [19] . In the fireball scenario of the GRB emission [20, 63] , protons are Fermi accelerated to ultra-high energy and constitute probably part of the UHECRs that we observe on Earth. The deep inelastic collision of these high energy protons with the expanding shock wave as well as with the surrounding background can produce charged and neutral pions. While the decay of neutral pion can give high energy gammarays, decay of charged pions will produce high energy neutrinos. So there is some correlation among the UHECRs, high energy gamma-rays and the high energy neutrinos.
The conventional wisdom is that at the source the flux ratio is Φ να is the sum of neutrino and anti-neutrino fluxes for the flavor α at the source) due to the decay of charged pions. The vacuum oscillation of these neutrinos on their way to Earth would average out to the observed ratio (1 : 1 : 1) [64] . For high energy neutrinos above ∼ 1 PeV, muon energy is degraded in strong magnetic field or get absorbed in the stellar medium. So high energy muon neutrinos will be absent and the flux ratio at the source is modified to (0 : 1 : 0) [65] [66] [67] . This will be further modified to (1 : 1.8 : 1.8) at Earth after vacuum oscillation [68] .
Neutron beta-decay will also contribute to the neutrino flux ratio. Being neutral, neutrons can not be accelerated directly by the GRB jet. So these neutrons have to be produced as secondaries. Around the GRB environment, high energy neutrons can be produced through the following channels: interaction of Fermi accelerated high energy protons in the GRB jet with the ambient hydrogen (pp), dissociation of accelerated ions (A) by colliding with the ambient hydrogen (Ap), interaction of high energy protons with the ambient photons (pγ) and photodissociation of accelerated ions (Aγ) [69] . These high energy secondary neutrons will decay in flight and produceν e which will give a flux ratio (1 : 0 : 0) [65] [66] [67] . However, this scenario has at least one shortcoming. In the GRB environment along with these neutrons, high energy pions are also produced. The high energy charged pions will decay to high energy neutrinos and their energy will be order of magnitude higher than theν e energy produced in neutron beta decay. Also the neutrino flux from pion decay will be higher than the one from the neutron decay. So in a astrophysical environment, a pure neutron source having the flux ratio (1 : 0 : 0) is highly unrealistic.
Based on the observed flux of UHECRs, Waxman and Bahcall estimated the neutrino flux, which is E 2 ν dN ν /dE ν ∼ 5 × 10 −9 GeVcm −2 s −1 sr −1 in the energy range ∼ 100 TeV -10 PeV [24] . For GRBs at a redshift of z ∼ 1 and L ∼ 100 Mpc with neutrinos energy 100 TeV E ν 10 PeV, the maximum flavor conversion will take place for
In other words, the high energy GRB neutrinos can not probe mass squared difference smaller than ∆m 2 ≃ 4.0 × 10 −17 eV 2 . For our estimate of the neutrino flux we will use this result for the maximum conversion of neutrinos in the IceCube detector. The oscillation length for standard neutrinos as well as for neutrinos satisfying ∆m 2 ∼ 1 eV 2 and ∆m 2 ∼ 1 keV 2 are very short compared to the astrophysical distances which corresponds to the condition L ≫ L osc and the oscillation probability will be averaged out for these cases which will be independent of the neutrino energy and the distance from the source. For our analysis, here we consider the neutrino energy E ν = 1 PeV which corresponds to ∆m 2 ≃ 4.0 × 10 −16 eV 2 for maximum flavor conversion on Earth and for this case we replace the oscillatory factor in Eq. (12) by unity.
For the treatment of the neutrino oscillation in Eq. (12) Thus also, the Earth's matter has negligible effect on neutrino oscillation.
VI. RESULTS AND DISCUSSION
In the light of insufficient detailed knowledge on the region of the GRB fireball and the region surrounding it where the high energy neutrinos are produced as discussed in the previous section, we consider three different flux ratios at the source: the conventional one,
(1 : 2 : 0), the muon-damped source, (0 : 1 : 0) and the beta beam (1 : 0 : 0) . Of course this is not the only uncertainty that affects the flux determination on Earth, there is also uncertainty in the elements of the U matrix and a number of other astrophysical factors: the shape of the neutrino spectra depends on the primary cosmic rays energy spectra and of the target material and at very high energy, semileptonic decay of the charm quarks will give rise to extra neutrinos. In our analysis, we neglect the last two uncertainties in calculating the flux ration on Earth.
After travelling a distance L, the neutrino flux of a given flavor on Earth is given by
The condition L ≫ L osc is satisfied for the standard neutrinos as well as for neutrinos satisfying ∆m 2 ∼ 1 eV 2 and ∆m 2 ∼ 1 keV 2 . For all these cases the oscillatory term in Eq.(12) will be replaced by a factor 1/2. We keep the sixth neutrino mass m 6 = 1 keV fixed throughout the calculation. As shown in Table- I, for the initial neutrino flux ratio (1 : 2 : 0), we observe that Φ νe > Φ νµ , Φ ντ is satisfied always. For the mass degeneracy involving m 1 , the electron neutrino flux Φ νe , is always enhanced from its vacuum value by 6% to 8%. At the same time Φ νµ decreases by 24% to 28% and Φ ντ by 26%. On the other hand, for the mass degeneracy involving m 2 , while the Φ νe is decreased by 1% to 6%, Φ νµ is decreased substantially by 28% to 38% and Φ ντ is decreased by 11% to 20%. The substantial depletion in Φ νµ and Φ ντ in (1 : 2 : 0) scenario is due to the sizable mixing of the ν µ and ν τ with the sterile neutrinos, which can be seen from the mixing matrix given in Eq. (13) .
For the initial flux ratio (0 : 1 : 0) as shown in Table- I, the observed flux on Earth is almost identical for mass degeneracies involving m 1 (possibilities I and II). Similarly it is also almost identical for degeneracies involving m 2 (possibilities III and IV). In all these cases we find Φ ντ > Φ νµ > Φ νe but still lower than the vacuum oscillation value of 1/3. In the last two cases (possibilities V and VII), the steriles neutrinos with masses m 4 and m 5 are taken to be degenerate with either m 1 or m 2 . We see that the muon neutrino flux is degraded substantially by as much as 38%. In general our results show that there is marked decrease in the muon neutrino flux.
For the beta beam flux ratio (1 : 0 : 0), as shown in last column of Table-I, we observe that Φ νe > Φ νµ > Φ ντ is always satisfied and in all these cases while the tau neutrino flux is heavily suppressed (36% to 43%), the Φ νe is dramatically increased by as much as 45%
to 58%. The Φ νµ is depleted by 9% to 34%. We observe a substantial depletion in muon neutrino flux in the above three scenarios which can clearly be measurable by IceCube.
IceCube can isolate the muon neutrino events from the rest through the track and shower events. The most probable signature of the sterile neutrinos is the depletion of muon neutrino flux due to its mixing with the former. In all the three cases, (1 : 2 : 0), (1 : 0 : 0) and (0 : 1 : 0), we obtain depletion in the muon neutrino flux as well as in tau neutrino flux. It has also been argued that due to active-sterile flavor mixing, there will be an excess of electron neutrinos with a particular energy and zenith angle dependence [70] . For SBL neutrino oscillation, except for the ∆m 2 ∼ 1 eV 2 term, no other mass square difference term will contribute. The oscillatory term with ∆m 2 6i L/4E ν ≫ 1 for i = 1−5 (L ∼ 10 m and E ν ∼ 100 MeV) will, in principle, contribute to the SBL anomaly. But the mixing of the sixth massive neutrino is vanishingly small resulting in a contribution that is negligible.
Thus the sixth neutrino decouples from the rest and serves as the nonbaryonic dark matter of the Universe [14, 15] . There are also other explanations for the non-observation of these high energy neutrinos in IceCube, where it is argued that, GRB may not be the source of high energy cosmic rays, in that case there will be no neutrinos. Another explanation is that the GRB fireball calculation of the neutrino flux is subject to sufficiently large astrophysical ambiguities to escape the IceCube limit [29] . 
